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I. Introduction
Rotationally inelastic scattering of ammonia isotopologues has attracted recent attention because of its astrophysical importance [1, 2] . Ammonia was discovered in the interstellar medium by observing emissions at a frequency corresponding to the inversion transitions of the rotational levels jk = 11 and 22 in the vibrational ground state of NH3 [3] . Fully deuterated ammonia, ND3, has since been observed in prestellar cores [4] . Deuterium-bearing molecules are important as probes of the very cold phases of molecular clouds, prior to star formation, and the isotopic compositions of molecules provide clues to their formation mechanisms [5] . The jk = 33 inversion transition of NH3 has been predicted [6] and observed [7] to exhibit maser activity. Because gas-phase collisions can transfer population to higherlying rotational levels, inelastic scattering experiments and calculations help interpret the anomalous non-thermal microwave radiation emitted from interstellar clouds.
Previous studies of ammonia scattering were mostly restricted to measurement of integral cross sections (or rate coefficients) [8] [9] [10] . Differential cross sections (DCSs) for inelastic scattering of NH3 with n-H2 were measured by Meyer [11] using counter-propagating molecular beams at a collision energy of 1177 cm -1 . Experimental and theoretical DCSs have also been reported for NH3-He [12, 13] and NH3-Ar [13, 14] collisions, as well as experimental DCSs for ND3-Ne scattering [15] . These measurements and calculations were performed without selection of the inversion symmetry of the initial state associated with the umbrella vibrational mode. Recently, we reported inelastic scattering studies of ND3 with He [16] and
Ar [17] , with full selection of the initial state, including this inversion symmetry, and found excellent agreement with close coupling quantum mechanical (QM) scattering calculations.
Excellent agreement was also obtained between velocity map imaging (VMI) data and QM scattering calculations for inelastic scattering of CD3 radicals with He [18] , H2 and D2 [19] and Ar [20] . The rotationally inelastic scattering dynamics of deuterated ammonia and methyl radicals in collisions with helium were recently compared, using close-coupling QM scattering calculations performed with accurate ab initio potential energy surfaces [21] .
In the current study, molecular hydrogen was selected as a collision partner for ND3
because of its high abundance in the universe, and hence astrophysical significance as a collider. Molecular hydrogen is recognized as a major contributor to the cooling of astrophysical media [22] . Accurate computed DCSs for ammonia collisions involving the H2 molecule are computationally tractable because the large rotational constant means that only a few rotational levels of the collision partner need to be included in QM scattering calculations.
The diatomic H2 molecule, with its rotational degrees of freedom, adds complexity to the scattering dynamics when compared to recent studies of ND3 collisions with Ar and He.
Para-H2 in the rotational ground state with rotational quantum number j2 = 0 is considered to be similar to a He atom in its interaction with ammonia because of the absence of a dipole-quadrupole interaction. However, Schleipen et al. [10] showed that for some rotational levels of NH3, the results of scattering for para-H2 (j2= 0) are different than for He.
Our current experiment does not distinguish between ortho and para H2, but the theoretical calculations enable us to draw conclusions about differences between ortho (j2= 1, 3, …) and para (j2= 0, 2, …) integral and differential cross sections.
Our collision energies (580 cm -1 ) are larger than those expected for typical astrophysical conditions [8] ; nevertheless, the comparison between experiment and theory provides a test of a recently reported ab initio potential energy surface (PES) [23] that can be used in calculations corresponding to the lower collision energy regime. The experimental study of ammonia collisions at lower energies is also now accessible using a Stark decelerator to slow the ammonia molecules. Low energy collisions of NH3 with He were studied theoretically by Gubbels et al. [24] with a focus on the observation of scattering resonances and revealed diffraction oscillations in the small-angle scattering regions of the DCSs. These types of interference structures are beyond the resolution of the current experiments, but can in principle be resolved using a Stark decelerated molecular beam, as shown recently for inelastic collisions of NO with He, Ne and Ar [25, 26] .
The current work seeks to explore the dynamics of translational to rotational energy transfer in collisions of ND3 with H2 and therefore to understand better the intermolecular interactions. Measurements are reported of quantum-state resolved DCSs obtained using crossed molecular beam (CMB) scattering, combined with resonance enhanced multi-photon ionization (REMPI) detection and velocity-map imaging [27] . The state-to-state DCSs were measured for scattering of ND3 in its ground electronic (X 1 A 1 ′ ) and vibrational (v = 0) levels from H2: 
II. Method

A. Experimental apparatus
The crossed molecular beam machine located in the Nijmegen laboratory was described in detail previously [16] , and we present only a brief summary here. A home-built pulsed (Peter) valve [28] was used to produce a primary molecular beam of a mixture of 1% ND3 seeded in argon. The secondary H2 beam resulted from supersonic expansion of the pure gas through a hairpin-type Jordan pulsed valve. The opening times and the repetition rates of both valves were 100 μs and 10 Hz, respectively. Both molecular beams were collimated by skimmers with 3-mm diameters. The ND3 primary beam then passed through a pair of 12-cm long hexapoles operating at 18.5 kV to ensure initial state selection. Alternatively, a different source chamber could be used to produce a primary ND3 beam without hexapole state selection.
The H2 beam was characterized previously by (3+1) REMPI spectroscopy and had a rotational temperature of 220 K; for normal H2 the only significantly populated rotational levels were those with j2 = 0, 1 and 2 [29] . The primary and secondary beams intersected at 90 o inside a high vacuum chamber with a base pressure of 3 × 10 -7 mbar. The pressure during experimental measurements was maintained at 2 × 10 -6 mbar. by REMPI. More importantly for our current study, recorded velocity map images contained information on the angular variation of the density of scattered ND3 molecules, and hence could be analysed to obtain differential cross sections. The DCSs were extracted from experimental images using a density-to-flux transformation in the same way as described in our recent work [16, 17] . This image analysis used an instrument function generated by a Monte Carlo simulation program [30] We discussed the rotational energy level structure of ND3, nuclear spin effects and selection rules for spectroscopic transitions elsewhere [16] . At the rotational temperature of 4 K in the primary beam, only the three lowest energy rotational levels = 00, 11 and 10 were significantly populated, with just 0.7% of population in higher rotational levels. The hexapole state selection further restricted the initial state of ND3 to ± = 1 1 − .
B. Quantum scattering calculations
Quantum scattering calculations of integral and differential cross sections for collision of the symmetric top ND3 with the H2 diatomic molecule were carried out in Nijmegen and Brussels with a scattering code developed in Nijmegen [21, 24] , and in Baltimore with the HIBRIDON suite of programs [31] . These calculations employed the five-dimensional NH3-H2 PES computed by Maret et al. [23] , which depends on the coordinates , 1 , 1 , 2 , 2 . Here, R is the magnitude of the vector R connecting the NH3 and H2 centers of mass, 1 is the angle between R and the C3 axis of NH3, 1 is the angle of rotation of this vector around the C3 axis, and ( 2 , 2 ) are the polar and azimuthal angles used to describe the orientation of H2 relative to NH3. For an illustration of the coordinates, see Fig. 2 of Rist et al. [32] . In the calculation of the PES, both molecules were assumed to be rigid rotors.
The PES was computed [23] with the coupled-cluster method with single, double, and perturbative triple excitations. It was constructed by calibrating the intermolecular energy obtained for a large set of geometries with the aug-cc-pVDZ basis set with a smaller set calculated with the aug-cc-pVTZ basis set. The accuracy of the PES was estimated to be on the order of 1 cm -1 .
We assume that the NH3-H2 and ND3-H2 interactions can be described by the same PES.
The PES was computed with the N-H bond length set to the ground-state averaged value, which is slightly different in the case of ND3, but the effect of the change in bond length is expected to be small [33] . On the other hand, it is necessary to take into account the shift in the position of the center of mass, which affects the definition of the coordinate system. The 
where the angular functions 1 2 1 are given in Ref. [35] . The expansion coefficients time. An increase of the ND3 basis set had no effect on the cross sections presented in this work. On the other hand, we found that truncating the basis for H2 to j2 ≤ 2 caused changes of up to 25% in the state-to-state integral cross sections, and it was necessary to include closed channels up to j2 = 4. The calculations included total angular momenta J ≤ 65ħ. In general, the calculated DCSs agree well with the experimental measurements, except that we were not able to resolve experimentally the diffraction oscillations present at small scattering angles. The sharp peak present in some of the calculated DCSs at small angles (typically < 15 o ) is also not reproduced well in our experiment because of imperfect subtraction of image contamination caused by the small fraction of ND3 molecules present in the molecular beam in the probed quantum state. Some disagreement is evident between experiment and theory for the amount of backward-scattered ND3 (3 2 + ) ( Fig. 2(d) ). This discrepancy may reflect problems associated with this experimental measurement, or subtle errors in the PES that manifest themselves in the scattering into this one final quantum state. The DCSs for final levels 21 and 31 with both + and  umbrella vibrational inversion symmetry peak in the forward hemisphere, with very little flux for θ > 45°. The DCSs for scattering into these two final rotational levels differ in magnitude for the + and  symmetry components of the final level, but have very similar shapes. However, the angular distributions for + and  symmetry components of the 32 and 44 final levels also differ significantly in shape: the DCSs for the 3 2 − and 4 4 − levels peak in the forward hemisphere, whereas they peak in the backward hemisphere for the 3 2 + and 4 4 + final levels. Similar behaviour was observed for the 32 and 44 final levels with respect to + and  symmetry components for inelastic scattering of ND3 with He [16] .
III. Results and Discussion
A. Differential cross sections for ND3 ( − ) + n-H2 scattering
B. Differential cross sections for +/ symmetry averaged ND3 + n-H2 scattering
We now contrast scattering of hexapole state selected ND3(1 1 − ) with scattering into several ND3 rotational levels from +/ symmetry and low-averaged initial levels of ND3.
The initial-level population distribution for ND3 without hexapole state selection is shown in Table 1 of Ref. [16] . The experimental images for a collision energy of 585 ± 50 cm Smaller ICSs for the j2 = 0 than for the j2 = 1 initial level of H2 have also been observed for other molecule -H2 scattering systems, e.g., NH3-H2 [23] , OH-H2 [37] , and H2O-H2 [38] .
In all these systems, the collision partners of H2 have nonzero dipole moments so that the leading electrostatic term is the dipole-quadrupole interaction. This interaction corresponds to the l1 = 1, l2 = 2, l = 3 terms and can contribute to the cross sections for j2 = 1 but not j2 = 0 initial levels. In contrast, the ICSs for CD3-H2/D2 collisions were found to be very similar for both j2 = 0 and j2 = 1 initial levels [19] . This observation is consistent with the methyl radical having no dipole moment, so that the dipole-quadrupole interaction is missing for CD3-H2/D2
irrespective of rotational angular momentum of the H2/D2 collider.
The initial angular momentum of H2 influences the ICSs of ND3 scattering, and we now examine how it influences the scattering dynamics. For this purpose, we plot computed DCSs for selected final levels of ND3 after collisions with H2 with j2= 0, 1 and 2 in Fig. 6 . The DCSs level for which small differences are observable), even though they involve scattering by orthoand para-H2, respectively. The differences in scattering dynamics of ND3 with H2 therefore seem not to be a consequence of ortho and para modification of H2, but instead derive from scattering with rotationally excited and unexcited H2.
D. Comparison of ND3 scattering with H2 and He
Para-H2 in the rotational ground state with j2 = 0 is expected to be similar to a He atom in its interaction with ammonia because of the absence of a dipole-quadrupole interaction. To compare ND3 scattering with H2 and He, we calculated ICSs and DCSs for ND3-H2 at a collision energy of 430 cm -1 , which was the collision energy for our recent study of the ND3-He system [16] . Calculated ICSs for inelastic scattering of ND3 with He and H2 (j2= 0 and 1)
are shown in Fig. 7 . The ICSs for scattering by para-H2(j2 = 0) and He are different, especially for ′ 1 − and 2 1 + final levels. For He as a collision partner only 21% of the total ICS involves umbrella mode inversion symmetry changing transitions [ Fig.7(b) ], whereas this fraction is 50% and 45% for H2 with j2= 0 and 1. However, this higher propensity for inversion symmetrychanging collisions for H2 than for He is mostly accounted for by the larger ICS for the 2 1 + ND3
final level for collisions involving H2. In addition, Fig. 8 compares DCSs for He and para-H2(j2 = 0) for selected ND3 final levels, and we observe similar shapes for the DCSs for para-H2(j2 = 0) and He as collision partners for ND3.
IV. Conclusions
The inelastic scattering of quantum-state selected ND3 with H2 was examined experimentally 
